Introduction
============

Spinal cord injury (SCI) is a devastating complication of thoracic or thoracoabdominal aortic reconstruction/repair that leads to disabilities, particularly paraplegia and quadriplegia. It has been estimated that 15--80% of cases of acute traumatic neuronal damage (primary spinal injury) or aortic surgery, which are primary spinal injury, may result in paraplegia or quadriplegia ([@b1-etm-0-0-5166],[@b2-etm-0-0-5166]). Paraplegia and quadriplegia caused by traumatic primary spinal cord injury are irreversible and hence, several studies have focused on treating secondary spinal injury due to ischemia/reperfusion, hypoxia and glutamate excitotoxicity that are reversible ([@b3-etm-0-0-5166],[@b4-etm-0-0-5166]). The present study used a rat model of spinal cord ischemia/reperfusion injury (SCII) in order to elucidate the pathophysiology of secondary SCII, which has remained to be fully elucidated ([@b5-etm-0-0-5166]). However, various studies have proposed that inflammation, apoptosis and oxidative stress are the major contributors to the development of SCII and associated conditions ([@b6-etm-0-0-5166],[@b7-etm-0-0-5166]). Hence, a drug that subsides inflammation and apoptosis along with an improved anti-oxidant capacity would be the best option for treating SCII conditions.

A large amount of evidence indicated that soy extracts possess neuroprotective activity against brain injury/trauma owing to the estrogenic effects of phytoestrogens (isoflavones), such as daidzein (DZ; 4′,7-dihydroxyisoflavone) and genistein ([@b8-etm-0-0-5166],[@b9-etm-0-0-5166]). DZ is found in soybeans, soy-based products (tofu), red clover (*Trifolium pratense*) as well as in Chinese herbs such as Kwao Krua (*Pueraria mirifica*) and Kudzu (*Pueraria lobate*) at higher concentrations ([@b10-etm-0-0-5166]). DZ may be metabolized by intestinal bacteria to S-equol, which has a broad spectrum of health-promoting benefits, including antioxidant, anti-inflammatory, anticancer, anti-obesity as well as cardio- and hepatoprotective properties ([@b10-etm-0-0-5166]--[@b12-etm-0-0-5166]). All these beneficial effects of DZ are directly linked to its structural similarity to estrogen (17β-estradiol). Furthermore, DZ/S-equol have been found to act as agonists of G-protein-coupled estrogen receptor, thus regulating various signaling pathways ([@b13-etm-0-0-5166]). In addition, DZ and genistein also influence the cell survival rate by desactivating the caspase cascade by positively regulating the phosphoinositide-3 kinase (PI3K) signaling pathway ([@b14-etm-0-0-5166],[@b15-etm-0-0-5166]). Methylprednisolone (MP) is a well-known neuroprotective agent that possesses antioxidant, anti-inflammatory and anti-apoptotic properties ([@b16-etm-0-0-5166]), and was hence used as a standard in the present study.

Apoptosis (programmed cell death) is the major contributor to neuronal death, which is activated by a caspase-dependent and -independent pathway ([@b17-etm-0-0-5166]). In most tissues, cell survival and proliferation are positively regulated (coordinated) by the PI3K/Akt signaling pathway via modulating several downstream molecules, such as mammalian target of rapamycin (mTOR), nuclear factor erythroid 2-related factor (Nrf2) and glycogen synthase kinase-3β (GSK-3β) ([@b18-etm-0-0-5166],[@b19-etm-0-0-5166]). Furthermore, apoptosis is one of the crucial factors for neuronal loss, particularly that associated with SCII ([@b17-etm-0-0-5166]). Hence, the present study was designed to assess whether DZ exerts its neuroprotective effect by positively upregulating the PI3K/Akt pathway to inhibit neuronal apoptosis and reduce damage in the rat model of SCII.

Materials and methods
=====================

### Drugs and reagents

DZ, MP, SDS and Tris buffer were procured from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). Isoflurane, ketamine, physiological saline (0.89%), formaldehyde, DAPI stain, PBS and xylene were purchased from Beijing Zhongshan Goldenbridge Biotechnology Co. Ltd. (Beijing, China). All of the other chemicals were of analytical grade.

### Experimental rats

Male Sprague Dawley (SD) rats (n=48; weight, 320--350 g; age, 2 months) were procured from The First People\'s Hospital of Yichang Animal House (Hubei, China). Rats were maintained in an animal facility center in a steel cage, (4 rats in each cage), under a 12-h light/dark cycle with *ad libitum* access to food and water. The study protocol was approved by the Institutional Review Board of China Three Gorges University (RHTGU.930482), and was according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals.

### SCI insult

SCI injury was performed according to the method used by Hwang *et al* ([@b20-etm-0-0-5166]) with a slight modification. In brief, all rats were anesthetized with ketamine (50 mg/kg) intraperitoneally (i.p.) under fasting conditions (12 h). Body temperature was stabilized at 37°C by warming/heating pads and heating lamps. The rats were placed in a supine position, making sure that neck region was well exposed. The hair on the neck region (carotid-inguinal) was shaved with trimmer/shaver. A polyethylene catheter (PE-50) was inserted into the tail artery to inject heparin as well as to monitor the mean distal arterial pressure (MDAP). A Fogarty balloon catheter (Edwards Life Science, Shanghai, China) was inserted via the left femoral artery into the proximal descending thoracic aorta (\~11 cm from the insertion site), and the balloon was inflated to induce spinal cord ischemia. During aortic occlusion, the proximal artery pressure was maintained at 80 mmHg by draining the blood from the carotid artery into the external blood reservoir filled with heparinized saline. Aortic occlusion (ischemia) was confirmed by immediate loss of pulse with decreased MDAP. The balloon was deflated after 25 min of ischemia to initiate reperfusion by restoring blood flow. The catheters were then slowly withdrawn, and the rats were allowed to recover from anesthesia. All of these procedures, except for aortic occlusion, were performed in sham-operated control rats, which served as negative controls. Mean arterial pressure, body temperature and heart beat (vitals) were continuously monitored throughout the study.

### Experimental design

After one week of assimilation, the 48 SD rats were divided into four treatment groups (n=12 per group): Group I, rats receiving saline (sham-operated control) without occlusion; Group II, rats subjected to ischemic insult (SCII); Groups III, and IV; rats treated with DZ (20 mg/kg) or MP (50 mg/kg) i.p. in saline for 7 days prior to SCII (pre-treatment) and 7 days after SCII (post-treatment), serving as treatment groups (DZ+SCII; MP+SCII).

### Neurological assessment

Locomotor function (hind limb movement) was determined on days 1, 3, 5 and 7 after SCII using the Basso, Beattie and Bresnahan (BBB) motor rating scale. The rating scale comprises 21 items: 0, no detectable hind limb movement; 1--8, slight or higher movements of hindlimb joints; 9, dorsal stepping; 10--20, progressive improvement of walking ability; and 21, normal movement.

### Tissue processing

On day 7, after the last neurological assessment, animals in each group were divided into two sub-groups for biochemical/bolt analyses (n=6) and terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL) assay (n=6). All rats were euthanized on day 7 by i.p. injection of pentobarbital sodium to remove spinal tissue, which was immediately fixed with 4% paraformaldehyde for 3 h at 37°C, followed by dehydration (overnight), embedding in paraffin and slicing at 5 µm using a microtome for the TUNEL assay (n=6). Spinal tissue was homogenized in 10% (w/v) Tris-HCl lysis buffer and centrifuged at 2,500 × g for 20 min at 4°C for use in biochemical analyses (n=6).

### Evaluation of edema (water content)

Edema was detected using procedures previously published by Mdzinarishvili *et al* ([@b21-etm-0-0-5166]) with certain modifications where the spinal tissue were super infused with 0.5/min instead of 0.7/min. The wet and dry weights of spinal samples were measured to calculate the water content. Spinal edema was defined as the percentage difference between the two weights.

### Anti-oxidant enzymes and myeloperoxidase (MPO) activity assays

Superoxide dismutase (SOD) and catalase (CAT) activity was quantified in spinal tissue (homogenate) using commercial kits (SOD, cat. no. A001; CAT, cat. no. A007; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) based on the manufacturer\'s protocols. One unit (U) of SOD activity is equal to the amount of enzyme that inhibits the auto-oxidation reaction by 50%. One U of CAT activity in 1 mg of tissue protein was defined as the amount that consumed 1 µmol of H~2~O~2~ at 405 nm during 1 sec. MPO activity in spinal homogenate was measured using an MPO assay kit (cat. no. A044; Nanjing Jiancheng Bioengineering Institute) according to the supplier\'s instructions. One U of MPO activity was defined as the amount of enzyme degrading 1 mmol peroxidase/min at 25°C and was expressed as U/g of wet tissue.

### Inflammatory and apoptotic markers

The nuclear factor (NF)-κB free p65 subunit in the nuclear fraction isolated from the spinal tissue using the Nuclear/Cytosolic Fractionation Kit (cat. no. AKR171; Cell Biolabs Inc., San Diego, CA, USA) was evaluated using an ActivELISA kit (cat. no. IMK503; Imgenex; Novus Biologicals, LLC, Littleton, CO, USA). The levels of tumor necrosis factor-α (TNF-α) and caspase-3 in spinal tissue (cytosolic fraction) were measured by ELISA using the Quantikine Rat TNF-α and Quantikine Active Caspase-3 kits (TNF-α, cat. no. MTA00B; caspase-3, cat. no. KM300/DYC; R&D Systems Inc., Minneapolis, MN, USA) according to the manufacturer\'s protocols.

### TUNEL assay

Apoptosis (cell death) in spinal tissue was assessed using the In Situ BrdUTP-Red DNA fragmentation kit/TUNEL assay kit from Abcam (cat. no. ab66110; Cambridge, MA, USA), according to manufacturer\'s instructions. In brief, spinal tissue was fixed in 4% formaldehyde and washed with PBS for 5 min. The slides were incubated with protease K (20 µg/ml) and 0.5% Triton X-100 for 20 min at 37°C. Subsequent to washing with PBS, slices were incubated with 50 µl TUNEL reaction mixture (red) for 30 min at 37°C. Finally, samples were counterstained with DAPI to visualize all nuclei (blue) and apoptotic cells (red/pink) by confocal microscopy. Quantification of positive cells per mm^2^ was performed at a magnification of ×400 in a double-blinded manner in each section of spinal tissue.

### Western blot analysis

For analysis of PI3K, total Akt, phosphorylated (p)-Akt, B-cell lymphoma 2 (Bcl-2) and Bcl-2-associated X protein (Bax) proteins in the spinal tissue, were extracted using RIPA lysis buffer (Sigma-Aldrich; Merck KGaA) and the total cellular protein was estimated using a BCA Protein assay reagent kit (BioVision, Inc., Milpitas, CA, USA). Subseuently nuclear/cytosolic proteins were isolated using a Nuclear/Cytosol Extraction kit (cat. no. AKR171; Cell Biolabs Inc., San Diego, CA, USA) based on the supplier\'s instructions. Equal quantities of protein (50 µg/lane) was separated by 8% SDS-PAGE and then electrotransferred onto a nitrocellulose membrane by a semi-dry blotting system (GE Healthcare, Little Chalfont, UK). The membrane was blocked with Tris-buffered saline (TBS) containing Tween-20 and 5% skimmed milk and probed with primary antibody at 4°C overnight. The following antibodies were used in the present study: Rabbit polyclonal anti-PI3K (cat. no. sc-67306; 1:1,000 dilution), anti-Akt and p-Akt antibody (cat. nos. sc-5298 and sc-135650; 1:2,000 dilution), mouse anti-Bcl-2 antibody and anti-Bax antibody (cat. no. sc-509 and sc-20067; 1:500 dilution) as well as mouse monoclonal anti-rat β-actin antibody (cat. no. sc-47778; 1:500 dilution) (all from Santa Cruz Biotechnology, Inc., Dallas, TX, USA), which served as an internal control (housekeeping protein). Subsequently, samples were incubated with the secondary antibodies, horseradish peroxidase-conjugated anti-mouse antibody (cat. no. sc-2380/2371; 1:2,000 and 1:5,000 dilution, respectively; Santa Cruz Biotechnology, Inc) in TBS at room temperature for 1 h and washed with TBS. The bound antibodies were visualized using an enhanced chemiluminescence system (ChemiDoc-17001401; Image Lab-5.2.1; Bio-Rad Laboratories, Inc., Hercules, CA, USA).

### Statistical analysis

Values are expressed as the mean ± standard deviation. SPSS version 23 (International Business Machines, Inc., Armonk, NY, USA) was used for statistical analysis. Variations between groups of experimental rats were evaluated by one-way analysis of variance and the least significant difference was determined using a post-hoc multiple comparison test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

### Effect of DZ on locomotor function

[Fig. 1](#f1-etm-0-0-5166){ref-type="fig"} portrays the hind limb movement (locomotor function) of sham-operated control and experimental rats. Sham-operated control rats showed normal hind limb movement with an average BBB score of 21 without any neurological deficits. By contrast, SCII rats displayed a concomitant decline in hind limb movement evidenced by paraplegia with the lowest BBB score at all time-points (days 1, 3, 5 and 7; P\<0.01). Treatment with DZ and MP greatly ameliorated the impairment of hind limb movement by effectively alleviating neuronal damage, which was evidenced by an elevated BBB score compared with that in SCI-insulted rats (P\<0.01 and \<0.05).

### Effect of DZ on spinal edema

The sham-operated rats did not display any edematous changes ([Fig. 2A](#f2-etm-0-0-5166){ref-type="fig"}). By contrast, SCI-induced rats had marked edema (81.35%; P\<0.01 vs. Sham group). In comparison with SCI-insulted rats, DZ and MP-treated rats displayed a significant decline in edema levels at 62.12 and 59.56%, respectively (P\<0.05).

### Effect of DZ on antioxidant activity

To determine whether DZ alleviates oxidative stress, the levels of the endogenous antioxidants SOD and CAT were determined ([Table I](#tI-etm-0-0-5166){ref-type="table"}). The activities of SOD and CAT in the spinal cords of SCII rats were markedly diminished compared with those in the sham-operated control rats (P\<0.05). Treatment with DZ at the dosage of 20 mg/kg significantly abrogated these decreases (P\<0.01), resulting in near-basal antioxidant levels by abolishing the oxidative stress. Administration of MP also substantially improved the levels of SOD and CAT (P\<0.05). However, DZ had a better antioxidant activity when compared with MP.

### Effect of DZ on MPO activity

MPO activity was determined to assess the efficacy of DZ on neutrophil activation and infiltration ([Fig. 2B](#f2-etm-0-0-5166){ref-type="fig"}). Compared with that in the sham-operated control group, the SCII group displayed increased MPO activity (P\<0.01). In comparison, treatment with DZ and MP for 7 days prior to and following SCII significantly restrained MPO activity by inactivating neutrophils (P\<0.01).

### Effect of DZ on inflammatory markers

The anti-inflammatory effect of DZ was evaluated by assessing various inflammatory cytokines, including TNF-α in the spinal tissues of the rats and NF-κB subunit p65 in the nuclear fraction of these tissues. The levels of TNF-α and nuclear NF-κB p65 in SCI-insulted rats were significantly increased compared with those in sham-operated rats (P\<0.01; [Table II](#tII-etm-0-0-5166){ref-type="table"}). However, DZ and MP substantially suppressed the levels of TNF-α and nuclear translocation of the NF-κB p65 subunit, thus indicating its anti-inflammatory activity.

### Effect of DZ on apoptotic markers

Caspase-3 is a crucial apoptotic protease involved in apoptosis and hence, caspase-3 activity was measured to investigate the impact of DZ on apoptotic events by ELISA. Caspase-3 activity in SCII rats was greatly increased compared with that in sham-operated rats (P\<0.01; [Table II](#tII-etm-0-0-5166){ref-type="table"}). Compared with that in the SCII group, DZ and MP treatment concomitantly attenuated caspase-3 activity (P\<0.01).

### Effect of DZ on apoptotic cells by TUNEL assay

TUNEL staining was performed to visualize apoptotic cells in spinal tissues of sham-operated control and experimental rats ([Fig. 3](#f3-etm-0-0-5166){ref-type="fig"}). Histological sections of spines from SCII rats displayed an increased the number of TUNEL-positive cells in comparison with those of sham-operated control rats (P\<0.01). However, the DZ and MP groups displayed a concomitant decline in the number of TUNEL-positive cells, compared with that in SCII rats (P\<0.01).

### Effect of DZ on the expression of PI3K/Akt and apoptotic signaling proteins

Western blot analysis was performed to examine the protein expression of pro-apoptotic protein Bax and anti-apoptotic protein Bcl-2 levels to determine the anti-apoptotic activity of DZ ([Fig. 4](#f4-etm-0-0-5166){ref-type="fig"}). In addition, the protein levels of PI3K, Akt and pAkt were also determined to investigate whether this signaling pathway is associated with the neuroprotective properties of DZ ([Fig. 5](#f5-etm-0-0-5166){ref-type="fig"}). The protein expression of PI3K, Bcl-2 and the pAkt/Akt ratio in the SCII group displayed a significant downregulation as compared with that in the sham-operated group (P\<0.01), while the protein expression of Bax was markedly upregulated in SCII rats (P\<0.01). However, compared with those in the SCII group, the protein levels of PI3K, the pAkt/Akt ratio and Bcl-2 levels in the DZ and MP groups were significantly increased, while Bax levels were significantly downregulated (P\<0.01 or \<0.05).

Discussion
==========

The present study was performed to assess the detailed molecular mechanisms of the neuroprotective effects of DZ in a rat model of SCII. The PI3K/Akt signaling pathway is crucial for the maintenance of cell survival (anti-apoptotic effect) and proliferation in most tissues, particularly neurons and glial cells ([@b17-etm-0-0-5166],[@b19-etm-0-0-5166]). Hence, the present study postulated that DZ probably exerts its neuroprotective effects by positively upregulating various downstream molecules of the PI3K/Akt signal transduction pathway. To prove this hypothesis, hind limb locomotor function of experimental rats was evaluated by BBB scoring, and oxidative stress (anti-oxidants), inflammatory markers (MPO, TNF-α and NF-p65), apoptotic markers (caspase-3, Bcl-2 and Bax) as well as the protein expression of signaling molecules such as PI3K and pAkt were assessed.

The neuroprotective efficacy of pharmaceutical drugs pertaining to the motor movement was screened through the BBB scoring system. It is one of the standard methods to measure the hind limb movement prior to and after injury ([@b7-etm-0-0-5166],[@b20-etm-0-0-5166]). The results of the present study indicated that SCII group rats showed a decreased BBB score due to the rapid onset of neurological damage owing to lack of sufficient blood circulation (hypoxia) under ischemic conditions. However, supplementation with DZ and MP significantly improved hind limb movement, which was reflected in a substantial increase in BBB score. Since DZ and MP act as a potent antioxidant and anti-inflammatory agents, they suppress oxidative stress and the subsequent inflammatory response to thereby lower neuronal damage or deficits. DZ has been reported to lower neurological deficits by improving the neuronal count and thus significantly ameliorating hind limb movement ([@b10-etm-0-0-5166]).

Spinal morphological abnormalities were circuitously analyzed via quantifying edema based on water content (dry and wet weight). SCI-induced rats displayed severe edematous conditions compared with sham-operated rats, likely due to ischemic/reperfusion causing electrolytic imbalance and resulting in a high-water content (edema). DZ- and MP-treated rats demonstrated a decline in edema levels, probably through alteration of the electrolytic balance through maintenance of the blood-spinal cord barrier (BSCB). The results are in agreement with those of Ma *et al* ([@b11-etm-0-0-5166]), who reported that DZ treatment reduced edema in an ischemic rat model.

It is well documented that under ischemic conditions, free radicals are generated excessively as a cellular response to ischemic reperfusion, leading to oxidative stress ([@b6-etm-0-0-5166]). In the present study, SOD and CAT activity in SCII animals were significantly decreased owing to overproduction of free radicals (oxidative stress). The SCII-induced decreases in antioxidant activity (SOD and CAT) were reverted to near normal levels by administration of DZ and MP, likely via their antioxidant effects. Atkinson *et al* ([@b22-etm-0-0-5166]) demonstrated that DZ exhibits excellent antioxidant activity due to estrogenic activity. In addition, Xu *et al* ([@b14-etm-0-0-5166]) suggested that the isoflavone DZ may attenuate oxidative stress in a diabetic cell model owing to its two free hydroxyl groups. Zhang *et al* ([@b23-etm-0-0-5166]) proved that DZ activated the Nrf2/heme oxygenase-1 signaling pathway through the PI3K/Akt pathway. Hence, the present study hypothesized that DZ causes upregulation of various endogenous antioxidants, particularly SOD and CAT, via PI3K/Akt.

Oxidative stress and inflammation have been reported to be interlinked under spinal or cerebral ischemic/reperfusion conditions ([@b20-etm-0-0-5166]). Under SCII conditions, neutrophils and neuroglia are highly activated and mobilized (infiltration) due to increased oxidative stress and disruption of BSCB. Those activated cells may initiate the inflammatory cascade by triggering NF-κB and subsequently increasing various pro-inflammatory cytokines such as TNF-α ([@b24-etm-0-0-5166]). Hence, the present study initially measured the activity of MPO, which is the best marker for neutrophil infiltration, as well as various inflammatory markers, to determine the inflammatory status. The levels of MPO, TNF-α and NF-κB p65 were elevated in SCII rats. However, DZ and MP substantially suppressed the levels of MPO, TNF-α and nuclear translocation of the NF-κB p65 subunit, thus indicating its anti-inflammatory activity by inactivating neutrophils and neuroglial cells. These results are congruent with those of Kim *et al* ([@b25-etm-0-0-5166]), who demonstrated that DZ administration reduced ischemia/reperfusion-induced myocardial damage *in vivo* via inhibition of NF-κB activation (nuclear translocation of NF-κB p65).

Apoptosis is a programmed cell death, which is an integral part of various biological events. Apoptosis is upregulated in various neurodegenerative diseases, including Alzheimer\'s, Parkinson\'s and Huntington\'s disease as well as in traumatic injuries, particularly neurological injuries such as SCI ([@b26-etm-0-0-5166],[@b27-etm-0-0-5166]). The proliferative and apoptotic rate in each tissue type are maintained in a balance under normal conditions. Any alteration in either the proliferative or apoptotic rate may result in pathological conditions such as cancer, auto-immune diseases or degenerative diseases. Caspases (cysteine-aspartic proteases) are a family of proteases that has a critical role in executing apoptosis. Apoptotic caspases are classified into two types as the initiator (caspase-2, −8 and −9) and executor (caspase-3, −6 and −7) caspases. The initiator caspases activate executor caspases to trigger apoptosis ([@b28-etm-0-0-5166]). Among them, caspase-3 is considered as the prime executioner protease of the apoptotic cascade through breaking DNA as well as disassembling its repair system ([@b29-etm-0-0-5166]). Therefore, the determination of caspase-3 levels as an apoptotic marker is a crucial criterion to assess apoptosis, particularly during post-ischemic conditions ([@b6-etm-0-0-5166]). In the present study, caspase-3 activity was significantly increased in SCI-insulted rats due to elevated oxidative stress and inflammatory response, which may hasten neuronal apoptosis under ischemic conditions. Compared with that in the SCII group, caspase-3 activity was concomitantly attenuated in the DZ- and MP-treated groups, probably as a result of the decreased oxidative stress and the inflammatory cascade. Rivera *et al* ([@b9-etm-0-0-5166]) indicated that supplementation with daidzein substantially reduced caspase-3 activity and thereby lowered apoptosis. Similarly, Aras *et al* ([@b10-etm-0-0-5166]) demonstrated that supplementation with daidzein substantially decreased the number of cells with positive caspase-3 staining by using immunohistochemistry.

Apoptosis is highly regulated by pro-apoptotic factors (Bax and Bcl-2-associated death promoter) and anti-apoptotic factors (Bcl-2 and Bcl extra large protein). Bax and Bcl-2 have an antagonising interaction ([@b30-etm-0-0-5166]), and in the present study, the expression levels of these two proteins we evaluated to determine apoptosis. The anti-apoptotic factor Bcl-2 usually resides in the mitochondrial outer membrane and in the nuclear membrane to prevent the release of cytochrome *C* from mitochondria into the cytosol. Thus, Bcl-2 effectively inhibits caspase activation and thereby inactivates the triggering of the apoptotic caspase cascade. Furthermore, Bcl-2 inhibits the activation of pro-apoptotic factor Bax and thus potentially halts apoptotic events ([@b31-etm-0-0-5166],[@b32-etm-0-0-5166]). In the present study, the protein expression of Bcl-2 was markedly downregulated, whereas Bax was notably upregulated in the SCII group compared with that in the sham-operated group. Upon treatment with DZ and MP, the protein expression of Bcl-2 was markedly upregulated and Bax was substantially downregulated. Therefore, it was confirmed that DZ had effective anti-apoptotic activity by upregulating Bcl-2 and downregulating Bax to inactivate the apoptotic cascade. Mao *et al* ([@b33-etm-0-0-5166]) indicated that DZ acts as an anti-apoptotic agent by significantly downregulating the mRNA expression of the pro-apoptotic protein Bax and upregulating the anti-apoptotic protein Bcl-2 in to inhibit D-galactose-induced neurotoxicity. In addition, DZ is an estrogen mimic with the ability to enhance cell proliferation and prevent neuronal loss ([@b34-etm-0-0-5166]). In line with this, the present study proved that DZ effectively attenuates caspase-3 activity and hence inhibits apoptosis.

A TUNEL assay was performed to visualize the apoptotic cells, which were activated by pro-apoptotic proteins and the caspase cascade. The stained spinal sections of SCII rats had a significantly increased number of TUNEL-positive cells compared with those in the sham group. However, sections of DZ- or MP-treated rats had a significantly decreased number of TUNEL-positive cells compared with those in SCII rats. In a previous study, the DZ metabolite equol exerted significant anti-apoptotic activity as reflected by a decreased number of TUNEL-positive cells in a H~2~O~2~-induced endothelial cell cytotoxicity model ([@b23-etm-0-0-5166]). The present study proved that DZ substantially decreased apoptosis by altering the expression of pro- and anti-apoptotic proteins and thereby attenuating the concentration of caspase-3.

As mentioned previously, PI3K/Akt pathway has a pivotal role in neuronal regeneration after acute SCII ([@b19-etm-0-0-5166]). In addition, numerous studies have indicated that the neuroprotective activity of soy beans is mainly bestowed by DZ, geinstein and equol (metabolite of DZ) probably due to their estrogenic activity via the PI3K/Akt pathway ([@b11-etm-0-0-5166],[@b35-etm-0-0-5166]). Hence, the present study assessed whether DZ exerts its neuroprotective activity by upregulating PI3K/Akt signaling molecules to lower apoptosis and enhance regeneration of neurons. The protein expression and the pAkt/Akt ratio were significantly decreased in ischemic/reperfusion-induced animals, which was inhibited by intervention with DZ. Since DZ is an estrogen mimic, it activates PI3K/Akt-dependent downstream molecules, which may be a key mechanism underlying its neuroprotective properties ([@b35-etm-0-0-5166],[@b36-etm-0-0-5166]). Zhang *et al* ([@b23-etm-0-0-5166]) demonstrated that S-equol exerts its neuroprotective function via activation of Nrf2 through Akt phosphorylation. A previous study also demonstrated that DZ downregulated GSK-3β and upregulated mTOR and thereby inhibited apoptosis through the activation of Bcl-2 in an ischemic model ([@b37-etm-0-0-5166]). [Fig. 6](#f6-etm-0-0-5166){ref-type="fig"} presents a schematic of the in-depth molecular mechanism of the neuroprotective effect of DZ identified in the present study.

Of note, the present study had certain limitations. For instance, the BBB staining assay to assess the integrity of neurons (tight junctions), and detection of markers for mitochondrial dysfunction (membrane potential) was not performed. Furthermore, the levels of GSK-3β and mTOR were not measured to confirm the anti-apoptotic activity of DZ.

In conclusion, the present study suggested that pre- and post-SCII treatment with DZ for seven consecutive days each considerably inhibited impairments of hind limb movement (motor function) via activation of PI3K and Akt, likely through inhibiting GSK-3β as well as activation (phosphorylation) of mTOR. Activated mTOR activates anti-apoptotic Bcl-2 protein, which in turn inhibits pro-apoptotic Bax protein as well as inactivates caspase-3 enzyme to promote cell survival/proliferation and thereby maintain/restore neuronal integrity and motor function. Thus, DZ restrained apoptosis through the PI3K/Akt signaling pathway to exert its neuroprotective activity. Further study is required to elucidate the complete mechanism of the neuroprotective effects of DZ.

![Effect of DZ on locomotor function (BBB rating) in experimental rats. \*\*P\<0.01 vs. sham control group; ^\#\#^P\<0.01, ^\#^P\<0.05 vs. SCII group. DZ, daidzein; MP, methylprednisolone; SCII, spinal cord ischemia/reperfusion injury; BBB, Basso, Beattie and Bresnahan.](etm-14-05-4878-g00){#f1-etm-0-0-5166}

![Effect of DZ on (A) spinal edema and (B) MPO levels in experimental rats. \*\*P\<0.01 vs. sham control group; ^\#\#^P\<0.01, ^\#^P\<0.05 vs. SCII group. DZ, daidzein; MP, methylprednisolone; SCII, spinal cord ischemia/reperfusion injury; MPO, myeloperoxidase.](etm-14-05-4878-g01){#f2-etm-0-0-5166}

![Effect of DZ on apoptosis in spinal sections of experimental rats as determined by TUNEL staining. (A) Sham-operated rats had only few TUNEL-positive cells, whereas (B) SCII-induced rats had an obviously increased number of TUNEL-positive cells (indicated by red arrows). However, in the (C) DZ and (D) MP groups, the number of TUNEL-positive cells (red) was decreased (scale bar, 50 µm). Nuclei were counter-stained with DAPI. (E) Number of TUNEL-positive cells was calculated. \*\*P\<0.01 vs. sham control group; ^\#\#^P\<0.01 vs. SCII group. DZ, daidzein; MP, methylprednisolone; TUNEL, terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end labeling.](etm-14-05-4878-g02){#f3-etm-0-0-5166}

![Effect of DZ on the protein expression of Bcl-2 and Bax in spinal tissue homogenate of experimental rats. Representative western blot images are displayed and quantitative values are expressed as the mean ± standard deviation for twelve rats in each group. β-actin was used as internal standard. Lanes: 1, sham control group; 2, SCII group; 3, DZ+SCII group; 4, MP+SCII group. \*\*P\<0.01 vs. sham control group; ^\#\#^P\<0.01 vs. SCII group. DZ, daidzein; MP, methylprednisolone; SCII, spinal cord ischemia/reperfusion injury; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.](etm-14-05-4878-g03){#f4-etm-0-0-5166}

![Effect of DZ on protein expression of PI3K and pAkt/Akt in spinal tissue homogenate of experimental rats. Representative western blot images are displayed and quantitative values are expressed as the mean ± standard deviation for twelve rats in each group. β-actin was used as internal standard. Lanes: 1, sham control group; 2, SCII group; 3, DZ+SCII group; 4, MP+SCII group. \*\*P\<0.01 vs. sham control group; ^\#\#^P\<0.01, ^\#^P\<0.05 vs. SCII group. DZ, daidzein; MP, methylprednisolone; SCII, spinal cord ischemia/reperfusion injury; pAkt, phosphorylated Akt; PI3K, phosphoinositide-3 kinase.](etm-14-05-4878-g04){#f5-etm-0-0-5166}

![Schematic representing the in-depth molecular mechanism of the neuroprotective effect of DZ. DZ, daidzein; SCII, spinal cord ischemia/reperfusion injury; SOD, superoxide dismutase; CAT, catalase; PI3K, phosphoinositide-3 kinase; P, phosphate; NF-κB, nuclear factor κB; IκBα, inhibitor of NF-κB α; TNF, tumor necrosis factor; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; mTOR, mammalian target of rapamycin; GSK, glycogen synthase kinase; Nrf2, nuclear factor erythroid 2-related factor.](etm-14-05-4878-g05){#f6-etm-0-0-5166}

###### 

Effect of DZ on spinal anti-oxidant activities in experimental rats.

  Group            SOD (U/mg protein)                                        CAT (U/mg protein)
  ---------------- --------------------------------------------------------- ----------------------------------------------------------
  Sham (control)   4.03±0.31                                                 73.53±9.51
  SCII             2.89±0.18^[a](#tfn1-etm-0-0-5166){ref-type="table-fn"}^   46.36±5.63^[a](#tfn1-etm-0-0-5166){ref-type="table-fn"}^
  DZ+SCII          3.86±0.42^[b](#tfn2-etm-0-0-5166){ref-type="table-fn"}^   64.70±6.84^[b](#tfn2-etm-0-0-5166){ref-type="table-fn"}^
  MP+SCII          3.48±0.51^[c](#tfn3-etm-0-0-5166){ref-type="table-fn"}^   59.85±7.30^[c](#tfn3-etm-0-0-5166){ref-type="table-fn"}^

P\<0.01 vs. control group

P\<0.01

P\<0.05 vs. SCII group. Values are expressed as the mean ± standard deviation (n=12). DZ, daidzein; SCII, spinal cord ischemia/reperfusion injury; SOD, superoxide dismutase; CAT, catalase.

###### 

Effect of DZ on spinal inflammatory and apoptotic markers in experimental rats.

  Group            TNF-α (ng/mg ptn)                                            NF-κB p65 (pg/mg ptn)                                        Caspase-3 (ng/mg ptn)
  ---------------- ------------------------------------------------------------ ------------------------------------------------------------ ----------------------------------------------------------
  Sham (control)   118.25±17.23                                                 82.45±7.25                                                   9.13±0.51
  SCII             281.46±21.68^[a](#tfn4-etm-0-0-5166){ref-type="table-fn"}^   189.57±17.45^[a](#tfn4-etm-0-0-5166){ref-type="table-fn"}^   35.28±3.52^[a](#tfn4-etm-0-0-5166){ref-type="table-fn"}^
  DZ+SCII          137.67±15.11^[b](#tfn5-etm-0-0-5166){ref-type="table-fn"}^   91.36±7.24^[b](#tfn5-etm-0-0-5166){ref-type="table-fn"}^     15.63±1.52^[b](#tfn5-etm-0-0-5166){ref-type="table-fn"}^
  MP+SCI           132.95±12.67^[b](#tfn5-etm-0-0-5166){ref-type="table-fn"}^   99.67±11.46^[b](#tfn5-etm-0-0-5166){ref-type="table-fn"}^    17.57±1.26^[b](#tfn5-etm-0-0-5166){ref-type="table-fn"}^

P\<0.01 vs. control group

P\<0.01 vs. SCII group. Values are expressed as the mean ± standard deviation (n=12). Ptn, protein; TNF, tumor necrosis factor; NF, nuclear factor; DZ, daidzein; SCII, spinal cord ischemia/reperfusion injury.
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